Introduction
Previous research has shown intrinsic radiation-sensitive optical fibres to be a viable method of radiation detection, offering low-cost, low-power, real-time and near continuous monitoring in hard to access areas over extended detection lengths (1-3) making them ideal for radiation portal sensors and radiation dosimeters. The literature shows that most optical fiber dosimetry is done using scintillation, whilst reports of using optically stimulated luminescence (OSL) within an intrinsic optical fiber are limited (4) . Previously, radiation detection using the OSL response from a fiber has been studied in fluoride phosphate glasses (4, 5) . Silica offers a more physically robust and optically efficient alternative because silica has high mechanical strength (6) , thermal resistance (7) and low optical loss (8) making silica very well suited for use as portal sensors requiring prompt sensing. Extrinsic doped sections attached to silica guiding fiber have been tested using OSL, however at this stage their extrinsic nature limits them to measuring single point locations (1, 9-12).
Single material large core unstructured fibers have the advantages of increased surface area and cross section which leads to a larger detection volume. They have also been shown to have improved OSL response (4, 5, 10) . Photoluminescence transitions from rare earths can also enhance sensitivity in luminescence based detection techniques such as thermoluminescence, radioluminescence and OSL (13, 14) . Additional elements such as aluminium, to improve the solubility of rare earths (15) , and boron, to decrease the refractive index (15) and potentially cause oxidative fiber fabrication conditions, may also prove to be optimal glass structural components. Thus, an intrinsic fiber combining a single material unstructured large core containing aluminium and boron and doped with rare earth ions, potentially increases luminescence sensitivity to radiation, advantageous for OSL and scintillation measurements.
The Leibniz Institute of Photonic Technology and the Heraeus Group have pioneered a custom fabrication process of reactive powder sintering of silica (REPUSIL) (15) (16) (17) . This technique allows single material large core fibers currently being made up to a diameter of 1.2 mm (15) , that are unattainable using the Modified Chemical Vapour Deposit (MCVD) method. The MCVD doped core is limited in diameter, generally up to 100 µm (15) , and has been proven difficult in maintaining dopant concentrations, distribution and homogeneity (16) . Melt quench techniques allow precise control of dopant concentration and homogeneous dopant distribution over larger volumes, but have higher loss (15) . They are also less robust due to lower softening temperatures, compared to glass made using the REPUSIL technique. The REPUSIL method allows high purity homogeneous dopant addition to silica across large cores with high batch-to-batch reproducibility (17) .
Here we report the first investigation of REPUSIL as a radiation sensor. We examine the sensitivity of radiation-induced luminescence attributed to rare earth dopants in bulk glass made using the newly available REPUSIL materials. This study is to determine if the REPUSIL technique can create a new class of materials for luminescence detection in large core intrinsic fibers. We made a range of rare earth doped samples containing rare earth ions susceptible to luminescent transitions; lanthanum (La), cerium (Ce), samarium (Sm), thulium (Tm) and ytterbium (Yb). Reference glasses containing nonluminescent dopants; boron (B) and aluminium (Al), were also made using the REPUSIL process. The optical and dosimetric properties of these rare earth doped and reference samples were characterised. Absorption and emission spectra were obtained to determine the most appropriate optical stimulation wavelength and signal filtering methods, as well as determine the most suitable candidates for future optical fiber portal sensors and dosimetry applications. The most sensitive dopant for fiber fabrication was determined by measuring the radioluminescence, thermoluminescence and optically stimulated luminescence (OSL) in response to ionising radiation.
Sample Selection and Preparation
Doped silica samples (Table 1) were made using the REPUSIL process (16, 17) . In summary, high-purity gas phase formed silica nanoparticles and water-soluble compounds of the doping components (such as AlCl3 x 6H2O, rare earth chlorides and ammonium tetra borate) are mixed into an aqueous suspension of very pure silica. After dehydration, purification and vitrification, the processed doped granulates are sintered. The resulting rare earth doped bulk silica rods are homogeneous and near bubble-free. Trace elemental analysis using Intertek Genalysis (www.intertek.com) was performed on six of the reported samples (Table 1) to compare the glass composition with the nominal fabrication values. Results were converted stoichiometrically to mol%.
For absorbance, photoluminescence and radioluminescence measurements, slides were cut from each sample and polished to 1.2 mm thickness. To improve accuracy for thermoluminescence and OSL measurements, materials were crushed to grain sizes of 125 -300 µm (18) . Approximately 6 mg of these grains were mounted within a 7 mm window on stainless steel discs, held in place by silicone oil spray. The luminescence measurements are all normalised for mass and absorbed dose. A summary of all experiments is provided in Table 2 , indicating detector type, detection range, sample preparation, irradiation dose and integration time.
Absorbance
The wavelength dependent transmission of optical fibers is important if they are used as intrinsic sensors. We measured the background absorbance spectra of the polished slides made using the REPUSIL process. Measurements were taken using a Cary 5000 UV-Vis-NIR Spectrophotometer (Agilent Technologies, CA, USA) that made use of nitrogen purging. A Slit Beam Width of 3 nm ( 0.048 nm resolution) with a zero base line correction was used to measure the transmission spectra.
Transmission was converted to absorbance and shown in Figure 1 . The step-features at 320 and 800 nm, 350 and 850 nm are artefacts caused by the respective grating shifts. Source, detector and gratings were changed from 350 and 800 nm to 320 and 850 nm for the 0.1 Al + 0.005 Tm and 1.5 Al + 0.05 Sm samples to reveal Tm and Sm absorbance features.
Photodarkening was tested using the Ce, La and Tm polished slides. Photodarkening is not the focus of this paper and detailed results will not be shown, however, a reduction in transmission, which we attributed to photodarkening, was seen when radiating samples with a beta source over 23 hours, administering a total dose of 1.38 kGy. The La doped sample showed no absorbance peak. wavelengths between 360 and 1000 nm using an integration time of 5 s. Spectra are calibrated for wavelength and intensity using a calibration routine within the Lightfield Software and a highly stable LED light source with emission between 400 and 1100 nm (26). The background spectra were also measured and subtracted and results are normalised for excitation pulse power at each excitation wavelength.
The photoluminescence spectra of selected samples are shown in Figure 2 .
The Al reference samples shows no photoluminescence response (1 Al shown in Figure 2 ). H11/2 to ground states, respectively (13, 28) . has been seen when pumping Yb in the UV (32).
Radioluminescence
Radioluminescence, also known as scintillation, involves the emission of light during radiation exposure with wavelengths, depending on dopants, ranging from the UV to the infrared. Ionising radiation produces electron-hole pairs and subsequent recombination may occur via a radiative transition, producing luminescence (33).
The Princeton Instruments spectroflurometer (SpectraPro 2300i, Roper Scientific, USA) was used for radioluminescence measurements. These spectra were taken for both alpha and beta irradiation using the foil sources described in Section 2. The radiation sources irradiated one side of the slide and luminescence was collected from the opposite face ( Figure 3 ). Wavelengths in the 400 to 1000 nm range were measured. No filters were required due to the absence of an excitation light source.
Background measurements and cosmic ray events were subtracted and the measured intensity normalised for the activity of the alpha and beta sources. Results for samples that exhibited radioluminescence are shown in Figure 4 .
Radioluminescence was seen for samples doped with rare earth ions Ce, Tm, Sm and Yb ( Figure 4 ).
Radioluminescence was not seen in the reference Al and Al + B sample (results not shown).
Radioluminescence of the 0.1 Al + 0.005 Ce shows a broad peak from 300 to 500 nm due to the electric dipole allowed Ce 3+ 4f to 5d transition (27, 34, 35) from Higher sensitivity narrower wavelength range radioluminescence measurements were obtained using an Electrontubes 9829B photomultiplier tube (PMT) based detector apparatus with a detection range of 300 to 550 nm. As for previous radioluminescence measurements, excitation was performed with both alpha and beta irradiation on 1.2 mm thick polished glass slides. An Y beta source attenuated to 4.14 kBq were used, both integrated over 100 s. A summary of total counts per kBq for both alpha and beta events over the 300 to 550 nm wavelength range can be seen in Figure 6 .
This combination of measurements showed that the rare earth dopants (Sm, Ce and Tm) had higher scintillation than the reference samples (Al and B), confirming that only f-f and f-d transitions of rare earths cause strong radioluminescence. The moderate La response detected using the PMT ( Figure 6) could potentially be caused by impurities. Sm and Yb scintillation occurs above 550 nm (Figure 4 ), hence the intensity is lower with the PMT (300 to 550 nm detection range) for Sm and Yb.
6.
Thermoluminescence
Thermoluminescence analysis provides information about the emission wavelength, trap depths, anomalous fading, trapping lifetimes and phosphorescence in luminescent materials (37) . Briefly, a population of trapped electrons and holes are formed due to ionising radiation. Heating the irradiated sample stimulates the trapped electrons into the conduction band where the electrons are free to move to recombination centres; each electron-hole recombination then results in an emitted thermoluminescence photon with wavelengths characteristic of the recombination centre. Electrons in energetically deeper traps require higher temperatures in order to be untrapped to the conduction band, hence heating up a sample through a range of temperatures will yield information on these trap depths. Furthermore over time some electrons can potentially tunnel through to adjacent recombination centres in an athermal process and hence recombine electron holes at or below ambient temperatures (37) . This mechanism results in a loss of the stored electrons and holes, reducing the measured dose, so is termed anomalous fading. A more detailed description of the thermoluminescence mechanism can be found elsewhere (37, 38).
Thermoluminescence Glow Curve Measurements
Thermoluminescence was measured using a Riso DA-20 TL/OSL Reader (DTU Nutech, Denmark performed between room temperature and 400 ºC at a heating rate of 5 ºC/s, followed by an additional re-heat to obtain a background, which is then subtracted from the initial thermoluminescence measurement. Luminescence was detected with an EMI 9235 QB PMT filtered with a 7.5 mm thick Hoya U340 filter, which transmits in the 250 to 400 nm region.
Results immediately following irradiation are presented for selected samples ( Where the phosphorescence and fading curve (row 3 of Figure 9 ) is measured between runs 6) and 7). 
Thermoluminescence Emission Spectra
Thermoluminescence emission spectra were measured using a Fourier-transform thermoluminescence spectrometer (38) In summary the thermoluminescence emission spectra results showed wavelength emissions corresponding to photoluminescence and radioluminescence results and additionally show the temperatures required to untrap electrons, essentially resetting the effect ionising radiation has had on the samples.
Optically stimulated luminescence
The mechanism behind Optically Stimulated Luminescence (OSL) is similar to thermoluminescence.
However, OSL uses optical stimulation to free electrons rather than the heating used by thermoluminescence. The optical field excites trapped electrons into the conduction band, allowing them to relax back to the ground state via a radiative transition, producing luminescence (39).
OSL emission was measured using a Riso DA-20 TL/OSL Reader (DTU Nutech, Denmark) after 1 Gy of irradiation from a 90 Sr/ 90 Y beta source. OSL was measured in two wavelength regions summarised in Table 2 . Measurements taken in the 250 to 400 nm waveband used a Hoya U340 filter and stimulation using a 30 mW, 470 nm diode array that illuminated a 7 mm diameter sample area. Measurements taken in the 320 to 630 nm waveband used a Schott BG39 filter and stimulation at 870 nm, providing 14 OSL was measured over 1021 s at 1 s/channel. The OSL decay curves can be seen in Figure 11 . Results for the integrated time taken (t0.05) for the signal (I) to decay to 5 % of its maximum value (Imax) for OSL measurements for the 250 to 400 nm waveband and for the 320 to 630 nm waveband are shown in Figure 12 . The time taken to reach t0.05 was also recorded (Figure 12 ).
Pulse-anneal and dose response experiments were performed on the 0.1 Al + 0.005 Ce sample. Pulseanneal experiments show the temperature at which the OSL traps are thermally drained ( Figure 13 ).
The pulse-anneal protocol consisted of applying a beta dose, followed by a short illumination pulse at 30 °C, as the initial measurement. This was followed by cycles of heating to incrementally higher temperatures, with each heating followed by a short illumination pulse at 30 °C. The ratio of these pulses to the initial measurements, after depletion correction, reveals the temperature range over which the OSL is thermally eroded (40) . Figure 11B ) and the times taken to reach 5 % of the maximum counts ( Figure   12 ) imply that 64 mW of power for 1021 s at 870 nm is not enough energy to untrap all the electrons and return them to their ground state in practical timeframes.
Discussion
A summary of all results can be seen in Table 3 and Figure 15 .
Both scintillation and OSL are mechanisms for detecting radiation response within optical fibres.
Scintillation gives a prompt radiation response, whilst OSL accrues dosage over time, acting as a storage phosphor technique. For scintillation applications the rare earth doped silica samples tested
give high efficiency scintillation response to the radiation of interest. The samples have a high optical transmission in a detectable waveband. They are immune to sensitivity drift with dose and due to the low radiation doses of interest the samples are not prone to radiation damage. For OSL applications the samples show a high dose sensitivity with large dynamic range in a detectable waveband. The samples also show good signal stability; the OSL and thermoluminescence appear thermally stable, with charge trapping retained over the time span of interest, and they are stable against non-thermal fading processes. Furthermore, the samples showed no sensitivity drift over several heating cycles.
These results indicate REPUSIL rare earth doped optical fibers are extremely well suited for detecting ionising radiation using either scintillation or OSL.
The reference Al and B samples along with the La sample did not show a photoluminescence or radioluminescence response. However, luminescent rare earth ion transitions are observed in both photoluminescence and radioluminescence confirming that the rare earth doping is controlling the luminescence behaviour.
The Al sample showed thermoluminescence peaks at low temperatures (less than 200 °C) indicating the presence of energetically shallow traps in the reference material. These shallow traps have shorter lifetimes and charge may be drained at ambient temperatures, there is therefore less background and build-up of charge from background environmental radiation. Shallow traps are also typically more efficiently stimulated and bleached, in contrast to deeper traps which require longer stimulation to remove an equivalent amount of charge. As such, materials with shallow traps may be more suitable for applications requiring a fast duty cycle and minimal interference from previous dosage events.
The rare earth samples that showed photoluminescence also had strong radioluminescence, Much like Ce, Tm also showed consistently intense luminescence signals in response to each of the measurements. The 465 nm Tm peak from the f-f transition also corresponds to the transmission window of detector ranges used, resulting in high intensity responses to photoluminescence, radioluminescence, thermoluminescence and OSL measurements. Thermoluminescence also showed low temperature peaks for Tm indicating shallow traps, and hence the potential suitability for applications requiring short dose measurement duty cycles.
The Sm sample has a response between 550 -750 nm. These peaks do not correspond to the detection window of a PMT, but are suitable for silicon detectors with sensitivity in the 300 to 1100 nm region.
Interestingly the difference in intensity from photoluminescence and radioluminescence peaks imply The total radioluminescence photon count from rare earth doped samples was approximately 10 times lower for alpha particle events than beta particle events. This result is consistent with previously measured "a-values"; the ratio of alpha/beta efficiency of luminescence production in luminescence dosimetry (37) . The result is due to the extremely high local ionisation density along the alpha particle tracks, saturating the available radioluminescence molecules or luminescence traps.
9.

Conclusion
A series of silica samples prepared using the novel rare earth doped reactive powder sintered silica
(REPUSIL) technique were tested for their ionising radiation response properties using thermoluminescence, radioluminescence and optically stimulated luminescence. Intensity has been normalised to the total absorbed activity per second from the source. 
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